Abstract Various inorganic nanoparticles have been used for drug delivery, magnetic resonance and fluorescence imaging, and cell targeting owing to their unique properties, such as large surface area and efficient contrasting effect. In this review, we focus on the surface functionalization of inorganic nanoparticles via immobilization of biomolecules and the corresponding surface interactions with biocomponents. Applications of surface-modified inorganic nanoparticles in biomedical fields are also outlined.
Introduction
Progress in utilizing inorganic nanoparticles for biomedical applications has advanced rapidly owing to extensive research on the synthesis and modification of materials [1] [2] [3] [4] [5] [6] . These inorganic nanoparticles provide a robust framework, in which two or more components can be incorporated to provide multifunctional capabilities. Biomacromolecules, such as proteins, lipids and polysaccharides, fluorescent molecules and anticancer drugs, can be conjugated to the surface of inorganic nanoparticles. The resulting nanoparticles can not only target human cancers, but also be visualized inside the body by both magnetic resonance (MR) and fluorescence imaging [7, 8] . The properties of the inorganic nanoparticles are very different from those of their bulk counterparts for two main reasons: the increased relative surface area and the quantum confinement effects. The marked increase in the surface area also increases the nanoparticles' chemical reactivity and ability to interact with added functional materials.
For many biomedical applications, particularly for in vivo imaging, inorganic nanoparticles possess good colloidal stability and low toxicity in a biological environment. Although high-quality nanoparticles with uniform size and high crystallinity have been synthesized, they are hydrophobic, and consequently, are not sufficiently stable in aqueous media for successful biomedical applications [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, the surface modification of these inorganic nanoparticles is essential to endow them with hydrophilic properties, so that they can be extensively used for various biomedical applications [18, 19] . Furthermore, surface modification is important for the nanoparticles to impart additional functions, because bioactive materials are conjugated through the reactive groups on the nanoparticle surface. Recently, various surface modification methods have been developed; two representative strategies are ligand exchange with water-dispersible ligands and encapsulation with biocompatible shells. Selim et al [20] were able to form water-dispersible iron oxide nanoparticles by a silanization reaction using 3-aminopropyl triethoxysilane (APTES). The resulting iron oxide nanoparticles were dispersible in water and successfully used for in vivo MRI. Ying and co-workers reported on silica-coated nanoparticles produced by base-catalyzed silica formation in a reverse microemulsion [21, 22] . More recently, an additional biocompatible polymer (e.g. polyethylene glycol, PEG) has been impregnated onto the surface of the silica shell to improve colloidal stability [23] .
In this article, we summarized the immobilization of biomolecules such as lactobionic acid, peptide and DNA, on the surface of inorganic nanoparticles. We also reviewed their interaction with cells or other biocomponents for MR imaging, drug delivery and targeting of cancer cells.
Inorganic nanoparticles
The materials used for biomedical applications include calcium nanoparticles, iron nanoparticles, carbon nanotubes, double hydroxides/clays, silica, calcium phosphate and quantum dots. Although inorganic nanoparticles show only moderate transfection efficiencies, they possess some advantages over organic nanoparticles. They are not subject to microbial attack, can be easily prepared, often have a low toxicity, and exhibit good storage stability.
Metallic nanoparticles
The chemistry of metallic nanoparticles is well studied, particularly with respect to nanoparticles of the noble metals such as gold, silver, palladium and platinum [24] . Usually, they are prepared by reduction of the corresponding metal salts in the presence of a suitable protecting group that prevents further aggregation [25] .
Gold nanoparticles (AuNPs, typical size: 10-20 nm) are easily taken up by cells [26] [27] [28] [29] . Huang et al have shown recently [30] that AuNPs are useful for the identification of some types of cancer cells. Plate-derived growth factor induced the aggregation of Apt-AuNPs (nucleic acid ligand; Aptamer, Apt). This aggregation strongly increased the scattering of light, with a color different from that scattered from the original Apt-AuNPs and cell organelles. Salmaso et al [31] reported on AuNPs that were surface-coated with thermoresponsive thiol-terminated poly-N-isopropylacrylamide-co-acrylamide copolymer. The cell uptake of polymer-coated AuNPs can be temperature-controlled; this opens new perspectives for in vivo testing aimed at thermally controlled targeting of tumors or inflamed tissues. Salem et al reported on bimetallic nanorods consisting of gold and nickel as a non-viral gene delivery system [32] . Tkachenko et al [33] studied the pathway of gold-peptide nanoparticles inside cells.
Iron oxides
Iron oxide nanoparticles having magnetic properties can be used for cell sorting, magnetic guidance in the body and tumor thermotherapy [34] [35] [36] [37] . If the particles are subjected to a rapidly changing magnetic field, they can destroy tumor tissue by hyperthermia [35, 38] . Another approach is the magnetic guidance of a particle to a selected part of the body, for example, into a tumor.
Selim et al [20] reported on iron oxide particles with an average diameter of 10 nm. When modified with lactobionic acid, these nanoparticles were selectively accumulated in hepatocytes, as confirmed by MR imaging. Zhang et al [39] investigated the different cellular uptake behaviors of tumor-homing F3 peptide-conjugated iron oxide nanoparticles. Their experimental results showed a distinct pattern of Zeta potential change that allows the discrimination of normal human breast epithelial cells from breast cancer epithelial cells, where the tumor-homing F3 peptide was specifically bound to nucleolin receptors that are overexpressed in breast cancer cells. Cengelli et al [40] presented the linkage of therapeutic drugs to iron oxide nanoparticles, allowing the intracellular release of the active drug via cell-specific mechanisms. The drug-conjugated nanoparticles exhibited antiproliferative activity in vitro against human melanoma cells and resulted in tumor-selective and magnetically enhanced drug delivery.
Carbon nanotubes
Following the discovery of carbon nanotubes (CNTs) by Iijima in 1991 [41] , CNTs were the subject of many studies because of their special structural, mechanical, electrical and chemical properties. CNTs can be classified into single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) [42] , with diameters of close to 1 nm and lengths up to 1 mm [43, 44] . They have been applied as composite materials [45] , nanoelectronic components [46, 47] , field-effect emitters [48] and hydrogen storage materials [49] . The biological applications of CNTs have also been explored recently [50] [51] [52] [53] . CNT-based sensors have been developed to detect biological species including proteins and DNA [50, 54, 55] . By relying on their optical properties, SWCNTs can be utilized as optical tags or contrast agents for various biological imaging techniques [53, [56] [57] [58] .
Double hydroxides/clays
Layered double hydroxides (LDHs; also known as anionic clays or hydrotalcites) constitute a class of clays that contain positively charged layers. Interlayer anions and water molecules are present in the interlayer space and can be replaced by other molecules [59] [60] [61] . LDHs with high anion exchange capacity have attracted particular attention in the field of bio-hybrid nanomaterials owing to their high biocompatibility, high chemical stability and controlled release rate. Choy et al [62] reported that adenosine 5 -triphosphate (ATP)-intercalated LDH resulted in a high transfer efficiency of ATP into target cells, by decreasing the electrical repulsion at the cell walls. The high transfer efficiency originated from the neutralization of the negative charge of the phosphates with the positive hydroxide layers. Choy et al [63] also showed that folinic acid and methotrexate (MTX) can be successfully hybridized with LDH by ion-exchange reactions. Furthermore, the MTX-LDH hybrid is more efficient in suppressing tumor cells. Nalawade et al reviewed the use of LDH for tissue engineering, and concluded with the following sentences that highlight the present state and possible problems [64] : 'Hybridization of a drug or a biomolecule with LDH results in high transfer efficiency and stability. Thus, LDH hybrids can be useful as reservoirs and carriers of genes, drugs, and other functional molecules'.
Silica
The preparation of silica nanoparticles by suitable sol-gel processing routes is well established [65] . The presence of silanol groups on the surface allows easy functionalization, for example, by attaching functionalized chlorosilanes. This property, together with the high biocompatibility of silica, has inspired many researchers to use silica nanoparticles as carriers for drug release or transfection. Probe oligonucleotides were covalently immobilized on the surface of silica nanoparticles for the detection of DNA hybridization [66] . Surface modification of silica nanoparticles leads to a strong interaction toward probe oligonucleotides; hence, it offers enhanced detection of DNA hybridization. Qian et al [67] investigated biomolecule-conjugated silica nanoparticles as optical probes for cancer cell imaging. The results of the in vitro experiments revealed that apo-transferrin and folic acid functionalized nanoparticles can serve as effective optical probes for the specific targeting of cancer cells. The nanoparticles were further co-conjugated with PEG and apo-transferrin. These conjugates were also very good for in vitro targeting of cancer cells. Knop et al [68] reviewed the bioanalytical applications of silica particles and concluded that the biomolecule-functionalized silica nanoparticles will become increasingly accepted as labeling reagents in bioanalysis and bioimaging because of their excellent intrinsic optical and chemical properties.
Calcium phosphate
Calcium phosphates are the inorganic components of biological hard tissues, such as, bone, teeth and tendons, where they occur as carbonated hydroxyapatite. With the exception of enamel, they are always found as nanoparticles [69] [70] [71] . Sokolova et al [72] reported that DNA-coated calcium phosphate nanoparticles could be stored for weeks without loss of their transfection efficiency. The DNA is still intact in the single-and multishell particles as shown by the high transfection efficiency. The accumulation of DNA-loaded calcium phosphate nanoparticles inside a cell and its nucleus was observed by fluorescence microscopy [73] ; the particles contained red-fluorescing tetramethylrhodamin isothiocyanate (TRITC)-bovine serum albumin (BSA). Neumann et al [74] reported that cells were able to cope with the associated calcium uptake after transfection with size-defined DNA-functionalized calcium nanoparticles, and therefore proved that the calcium phosphate-based transfection method was superior.
Quantum dots
Quantum dots (QD) are small nanoparticles of II-VI or III-V semiconductors (e.g. CdS, CdSe, ZnS, ZnSe, ZnO, GaAs, InAs; sometimes in a core-shell structure) with typical diameters of a few nanometers [75] . The QDs are protected against aggregation by suitable capping agents that can also be functionalized. They show favorable optical properties (highly efficient fluorescence owing to quantum confinement effects and good resistance towards photobleaching) that are exploited, for example, for biomedical imaging [76, 77] . Zhou and Ghosh [78] reviewed the incorporation of cell-penetrating peptides on QD surfaces that allowed for the translocation of functionalized QDs into cells for intracellular imaging applications. Moreover, QD-labeled peptides that serve as ligands for cellular receptors provide an alternative to antibody mediated imaging at the whole-cell and single-molecule levels for studying receptor distribution and trafficking. Yong et al [79] reported that the indium phosphide (core)/zinc sulfide (ZnS) (InP/ZnS) QDs not only offer insights into the receptor mediated delivery mechanism but also help the design and development of future nanoprobes for in vivo cancer detection and therapeutic applications. These QDs have emerged as an alternative to organic dyes and fluorescent proteins, and are brighter and more stable against photobleaching than standard fluorescent indicators. QDs have tunable optical properties that have proved useful in a wide range of applications from multiplexed analysis, such as DNA detection and cell sorting and tracking, to the most recently demonstrated potential for in vivo imaging and diagnostics [80] .
Biomolecule immobilization
Many researchers have focused on the immobilization of inorganic nanoparticles with biomolecules such as lipids, saccharides, peptides, proteins and nucleic acids. These surface-modified nanoparticles have been examined for their uses as new tools not only for the investigation of biological processes but also for sensing and treating diseases. Here, we review a few immobilization processes and show the reaction paths for a better understanding of biomolecule immobilization systems. [31] 3.1.1 Synthesis of PNIPAm-co-Am-SH. PNIPAm-co-Am-COOH (97.3 mg, 16.2 µmol) was dissolved in 0.75 ml of anhydrous DMSO and N-hydroxysuccinimide (HOSu) (19.7 mg, 171 µmol) and dicyclohexylcarbodiimide (DCC) (29 mg, 140.7 µmol) were added (figure 1). The reaction mixture was stirred overnight, filtered through a sintered funnel and dropped into cold diethyl ether (15 ml). The precipitate was washed with cold ether (5 × 10 ml) and finally desiccated under vacuum. The degree of polymer activation (PNIPAm-co-Am-COOSu/PNIPAm-co-Am-COOH molar ratio, %) was 93.6%.
Immobilization of thermoresponsive polymer on gold nanoparticles
PNIPAm-co-Am-OSu (90 mg, 15 µmol) was added to 1.15 ml of 50 mM cysteine solution in 50 mM phosphate buffer, 10 mM EDTA, pH 8.0 (figure 1). After 2 h of stirring at room temperature, 100 ml of 2 M dithiothreitol (DTT) in the same buffer was added to the solution, which was then maintained under stirring overnight. The pH of the mixture was adjusted to 3 by adding HCl, and the solution was purified by size exclusion chromatography using a 50 cm-long Sephadex G25 superfine prepacked column eluted with 1 mM HCl. The dry product was dissolved in water, and the polymer concentration and activation were determined as above. The degree of polymer activation (PNIPAm-co-Am-SH/PNIPAmco-Am-COOH molar ratio, %) was 68.7%. The final product recovery yield was 92% (w/w).
Preparation of PNIPAm-co-Am-SH-modified AuNP.
PNIPAm-co-Am-SH (0.31 mg, 51.6 nmol) was added to 5 ml of water containing 1.90 nM suspended AuNP to yield a PNIPAm-co-Am-SH/particle molar ratio of 5000 : 1 (figure 2). After overnight incubation at room temperature, excess polymer was removed by gel filtration chromatography using a Sephadex G75 column (50 cm length) prepacked with fine resin and eluted with distilled water. Fractions containing the polymer-coated AuNP were pooled and the volume was reduced under vacuum.
Immobilization of lactobionic acid on magnetite nanoparticles
The modification of magnetite nanoparticles (MNPs) with lactobionic acid (LA) involves several steps. First, MNPs of approximately 10 nm diameter were precipitated in alkali solution from a solution of Fe (II) and Fe (III) chloride by the standard co-precipitation technique. Then, MNPs were silane-coated with (3-aminopropyl) triethoxysilane (APTES) by a silanization reaction. LA, which had been prepared by ring opening reaction of lactose l-hydrate, was then attached to the aminosilane-coated MNPs (figure 4) as follows: LA (0.032 g, 9.2 × 10 −4 m) was dissolved in 100 ml of phosphate buffer solution (pH 7) containing water-soluble carbodiimide (WSC) and incubated for 2 h. This solution was then mixed with 1 g of aminosilane-coated magnetite and stirred for 48 h at room temperature. The reaction solution was dialyzed for 2 days using sodium bicarbonate buffer [20] .
Immobilization of oligonucleotides on silica nanoparticles [66]
The silica nanoparticles used in the study were synthesized by the optimized procedure [81] . The surface modification was carried out in two stages ( figure 5 ). In the first step, the silica nanoparticles were immersed in a solution consisting of 1 g of Figure 10 . T 2 -weighted anatomic images with color overlay of R 1 (A) and S 0 (B) for tumor (T) and muscle (M) tissue of mice injected with cNGR-labeled or unlabeled pQDs (n = 7 for both groups). Changes in R 1 were most pronounced at the tumor rim for cNGR-pQDs. Although an R 1 increase in the tumor rim was also observed for unlabeled pQDs, the average response was threefold lower than in the case of cNGR-pQDs, indicating a high specificity of cNGR for angiogenic tumor endothelium. This is further supported by the minimal changes in R 1 found in muscle tissue. Changes in S 0 (B) colocalized almost completely with changes in R 1 (A) (reproduced with permission from [85] , ©2009, Waverly Press).
pure ZrCl 4 in 50 ml of dry ethanol. The mixture was refluxed for 8 h at 80
• C and the resulting material was centrifuged and washed by decantation. The modified nanoparticles were thoroughly washed with water on an ultrasonicator to remove all chloride ions and then dried. In the second step, 10 ml of 50 mM phosphoric acid was added to the Zr 4+ -modified silica nanoparticles and the mixture was kept in an ultrasonicator overnight. Later, the phosphate-modified silica nanoparticles were purified by washing thoroughly with double-distilled water in an ultrasonicator.
The immobilization of 5 -amine-modified oligonucleotide probes on phosphate-modified silica nanoparticles was carried out by modified methods [82] . A reaction mixture was prepared by mixing 100 µl of probe oligonucleotide solution with 20 µl of 0.1 M N-ethyl-N -(3-dimethylaminopropyl) carbodiimide (EDC) and 50 µl of 0.1 M imidazole solution and followed by dilution to 2 ml with 10 mM Tris-HCl buffer. The 0.1 M imidazole solution was prepared by dissolving imidazole in deionized water and the pH was adjusted to 10. This reaction mixture was mixed with 0.1 g of particles for DNA immobilization at 38
• C for 5 h. In the presence of EDC, phosphoriimidazolide derivatives of silica nanoparticles were generated by reacting the Zr(PO 4 )-modified silica nanoparticles with imidazole. In the next process, the phosphoriimidazolide derivatives of silica nanoparticles strongly bind with 5 -amine-modified probe oligonucleotides (figure 5).
Immobilization of DNA on calcium phosphate nanoparticles
DNA-coated calcium phosphate nanoparticles were prepared as follows ( figure 6 ): an aqueous solution of calcium nitrate (18 mM) was mixed with an aqueous solution of diammonium hydrogen phosphate (10.8 mM). The pH of both solutions was adjusted beforehand to 9 with NaOH (0.1 M). Mixing was accomplished by rapidly pumping both solutions into a glass vessel. After about 30 s, 1 ml of the dispersion was taken with a syringe and rapidly mixed with 0.2 ml of an aqueous solution of DNA (1 mg ml −1 ) in a sterile Eppendorf tube. This dispersion had a concentration of 167 µg DNA ml −1 . Multishell nanoparticles were prepared as follows: first, DNA-coated calcium phosphate nanoparticles were prepared as described above. To this dispersion, 0.5 ml of calcium nitrate (18 mM) and then 0.5 ml of diammonium hydrogen phosphate (10.8 mM) were added. This resulted in the crystallization of calcium phosphate on the surface of the particles. A colloidal stabilization was then accomplished by adding 0.2 ml of DNA solution (1 mg ml −1 ). In principle, this procedure can be repeated to add more layers of DNA and calcium phosphate. These dispersions had concentrations of 91 µg DNA ml −1 (double-shell) and 167 µg DNA ml −1 [72] .
Immobilization of peptides on quantum dots
Commercial core/shell CdSe/ZnS QDs were precipitated from an initial toluene solution with methanol and dried under vacuum and then redispersed in a pyridine solution (figure 7). Peptides were dissolved in anhydrous 99.8% dimethyl sulfoxide (DMSO) at a concentration between 10 and 30 mM. The QDs in pyridine and the peptide solution in DMSO were mixed together. After the addition of tetraethylammonium hydroxide, aggregates of fluorescent QD-peptide were isolated by centrifugation for 30 min at 15 000 g ( figure 7 ). After removing the supernatant, the QDs were dried for 2 h and then redispersed in water. To remove the aggregated nanocrystals, this solution was ultracentrifuged at 100 000 g for 30 min on a 50% sucrose cushion. The resulting sample was passed through a G25 spin column and dialyzed against pure water to remove sucrose and the excess free peptide. Before use, the QD-peptide solution was filtered through a 0.22 µm millipore filter (Millex HV, Sigma-Aldrich) [83] .
Inorganic nanoparticles for MR imaging, drug delivery and targeting of cancer cells

Inorganic nanoparticles for MR imaging
Selim et al [20] studied MR images of the front and middle parts of rabbit liver before and after injection of LA-modified MNPs through the ear vein (figure 8). From figure 8 , it is clearly seen that the color of the liver cells (hepatocytes) became dark after the injection of the modified MNPs ( figure 8(c) ). This phenomenon provides strong evidence of the accumulation of LA-modified nanoparticles into the liver cells (hepatocytes). Furthermore, figure 8(d) reveals that bile canaliculi were not darkened after the injection of the modified MNPs, which indicates that hepatocytes are absent in this area of the biliary tree. This result indicates that the LA-modified magnetites have a considerable potential to be used as a specific recognition marker for hepatocytes.
Gilad et al reported the labeling and tracking of rat glioma cells with either MnO nanoparticles or SPIO (figure 9) [84] . Cells labeled with MnO nanoparticles and SPIO were transplanted in contralateral brain hemispheres of a rat and tracked by in vivo MRI. SPIO-labeled cells showed a strong negative contrast in T 2 /T * 2 -weighted MRI. However, it is difficult to distinguish them from blood/hemosiderin-associated hypointense regions. MnOlabeled transplanted cells had a higher R 1 than the brain tissue surrounding the transplanted cells. Therefore, MnO-labeled cells could be successfully detected and distinguished with positive contrast for in vivo T 1 -weighted MRI. The authors showed an MR 'double labeling' technique using opposite contrasts simultaneously on two sites, where one is labeled with MnO and the other with SPIO nanoparticles. This labeling method can be applied to the tracking of cell populations that are injected of different locations or at different time points, by complementing and amplifying two types of contrasting effect.
Oostendorp et al [85] evaluated the ability of cyclic Asn-Gly-Arg (cNGR) to target angiogenic tumor ECs in tumor-bearing nude mice by injecting them with cNGR-labeled or unlabeled paramagnetic quantum dots (pQDs). Tumor volumes of cNGR and control groups did not differ in MR images (mean ± SD, 1.0 ± 0.7 cm 3 and 1.0 ± 0.6 cm 3 , respectively). For both cNGR-labeled and unlabeled Topical Review pQDs, changes in R 1 ( R 1 ) were spatially heterogeneous throughout the tumor and were most pronounced at the tumor rim ( figure 10(A) ). Averaged over all mice, the R 1 induced by cNGR-pQDs ranged up to ∼ 0.3 s −1 , which was considerably larger than the intrinsic variation in precontrast tumor R 1 of 0.1 s −1 . Furthermore, the range in R 1 was relatively large compared with the precontrast tumor R 1 of 0.8 s −1 . Administration of unlabeled pQDs resulted in threefold lower response range ( R 1 < 0.1 s −1 ) than in the case of cNGR-pQDs administration. Taken together, the presented results show that cNGR-labeled paramagnetic quantum dots are suitable for the noninvasive visualization and quantification of tumor angiogenic activity by in vivo molecular MRI. Their results provide a promising basis for further developments in contrast agent design and synthesis, data acquisition, and post-processing techniques, which may be valuable for future clinical applications to pathologies in which abnormal vessel growth plays a pivotal role.
Inorganic nanoparticles for drug delivery
Cengelli et al [40] demonstrated that a hierarchical building of a covalent drug-USPIO assembly is possible, even for highly hydrophobic drugs like camptothecin (CPT). The amount of CPT-USPIO taken up by human Me300 melanoma cells after 16 and 36 h as a function of the number of added nanoparticles was determined from the amount of cell-associated iron and cell-associated CPT fluorescence (figures 11(a) and (b)) as compared with that of the previously described aminoPVA-USPIOs [86] . After 16 h, the uptakes of aminoPVA-USPIOs and CPT-USPIO were comparable ( figure 11(a) ). However, after 36 h, the uptake of CPT-USPIO continued to increase in the still-viable cells, whereas the uptake of non-cytotoxic aminoPVA-USPIOs had saturated ( figure 11(b) ). The histological determination of cell-associated iron ( figure 11(c) ) and CPT fluorescence ( figure 11(d) ) showed the incorporation of CPT-USPIO in the melanoma cells. The intracellular localization of the iron oxide in cell organelles was further demonstrated by transmission electron microscopy (TEM, figure 11(e) ). The appearance of the vesicles was suggestive of lipid vesicles. To confirm the localization of CPT-USPIO in melanoma cells, histological staining of lipids (figures 12(a) and (b)), TEM imaging ( figure 12(c) ) and elemental analysis of USPIO-containing granules ( figure 12(d) ) were performed, the results of which strongly suggesting the localization of CPT-USPIO in lipid vesicles. Therefore, the cell uptake mechanisms, accessibility of the conjugate to esterolytic enzymes for drug release, and intracellular routing of these CPT-USPIO assemblies are of utmost importance and must be collectively considered for efficient drug delivery. Further studies in this fascinating area of magnetically directed drug delivery are being actively carried out and the results will be reported in the future. Cheng et al [87] identified the mechanism of how a hydrophobic photodynamic therapy (PDT) drug such as silicon phthalocyanine 4 (Pc 4) is delivered to HeLa cells by PEGylated Au nanoparticle (NP) vectors. Inductively coupled plasma−mass spectroscopy (ICP-MS, figure 13(a) cells (1%, path B), as illustrated in scheme 1. This research work showed that varying the bond strength between the drug and AuNP surface could aid in timing and targeting the drug delivery as well as in optimizing the therapeutic outcome.
Inorganic nanoparticles for targeting cancer cells
Huang et al [30] demonstrated the potential use of nucleic acid ligand (Aptamer)-conjugated gold nanoparticles (AuNPs) for cancer cell detection. After incubation with the Apt-AuNPs, the incorporated NPs led to the appearance of spotted patterns within the cytoplasms of the MDA-MB-231 and Hs578 T cancer cells. Aggregation of the Apt-AuNPs resulted in bright yellowish scattered spots that allowed easy identification of individual cells ( figure 15(b) ). In contrast, only small and faintly reddish dots were observed within the MCF-7 (cancer) and H184B5F5/M10 cells, indicating less aggregation in those cells. Aggregation of the Apt-AuNPs occurred mainly as a result of specific binding through cross-linking with the platelet-derived growth factor (PDGF) [88] present in the cytoplasm of the cells; this result is supported by the fact that only a slight degree of aggregation occurred in the MCF-7 (cancer) and H184B5F5/M10 cells, which have lower amounts of PDGF. In contrast, for the control experiment, they observed no significant differences between the scattering images of the four types of cells in the absence and presence of MH-AuNPs (figures 15(a) and (c) ). This finding suggests that specific interactions occurred between the Apt-AuNPs and PDGF.
The TEM images further showed evidence of the PDGF-induced aggregation of Apt-AuNPs within the MDA-MB-231 (cancer) and H184B5F5/M10 cells. The TEM images (figure 16) reveal that Apt-AuNPs accumulated predominantly within the random area of the cytoplasm in these two cells. Because the NPs used in this study were too large to cross the nuclear membrane through nuclear pores (<30 nm), they observed no light scattering from the nucleus [89] . The TEM images also suggested that the aggregation of the Apt-AuNPs inside the MDA-MB-231 cancer cells ( figure 16(a) ) occurred to a greater extent than inside the H184B5F5/M10 cells ( figure 16(b) ). This finding is consistent with the results of the light scattering measurements shown in figure 15(b) ; larger aggregates scattered light more strongly.
To test the ability of the Apt-AuNPs to differentiate normal cells from some types of cancer cells, Huang et al cultured MDA-MB-231 cancer cells in the presence of H184B5F5/M10 cells and then analyzed these mixtures by dark field microscopy (DFM). One representative image ( figure 17(a) ) shows that the combination of DFM and Apt-AuNPs is practical for the identification of cancer cells. The bright cells that are highlighted by red arrows are MDA-MB-231 cancer cells; the others are H184B5F5/M10 cells. They were able to differentiate cancer cells from normal ones even at a cell number ratio of 1 : 100 ( figure 17(b) ). This phenomenon allowed the differentiation of cancer cells from normal cells using a dark field optical microscope.
Yong et al [79] reported the successful use of non-cadmium-based quantum dots (QDs) as highly efficient and non-toxic optical probes for imaging live pancreatic cancer cells. The QDs were conjugated with anticlaudin 4, whose corresponding antigen receptors are known to be overexpressed in both primary and metastatic pancreatic cancer cells [90] . Figure 18(a) shows the labeling of pancreatic cancer cells (MiaPaCa) with the bioconjugates, anticlaudin 4-InP/ZnS QDs. Cellular uptake of the QD bioconjugates can be clearly observed from the robust optical signal of the MiaPaCa cells, whereas no or little signal is observed in the case of cells treated with non-bioconjugated QDs ( figure 18(b) ), which demonstrates the specific nature of the antibody-mediated targeting of the pancreatic cancer cells. Local spectral analysis of the overall cell staining by the bioconjugated QDs confirms the origin of the cellular luminescence signal from the InP/ZnS QDs. More importantly, no signs of morphological damage to the cells were observed upon treatment with various QDs, thereby illustrating their low cytotoxicity. The observed staining pattern is indeed due to the functionalized QDs, which have been demonstrated in several reports [91] [92] [93] [94] [95] . In addition to monoclonal antibody conjugation, QDs were also conjugated with a polyclonal antibody, anti-PSCA, for the specific targeting of human pancreatic cancer cells. Figure 18 (c) shows confocal images of MiaPaCa cells labeled with anti-PSCA-QD bioconjugates. A strong uptake of the anti-PSCA-QD bioconjugates was also observed. These prepared QD bioconjugates (both monoclonal and polyclonal antibodies) were also further tested in a low-passage pancreatic cancer cell line XPA3, and a similar labeling trend was observed ( figure 18(d) ). The results clearly show that the engineered InP/ZnS bioconjugates can serve as potential biocompatible-targeted nanoprobes to specifically diagnose human pancreatic cancer cells.
Rosenholm et al [96] developed a selective nanoparticulate system for cancer cell targeting based on fluorescently labeled, poly (ethylene imine) (PEI)-functionalized and folic acid (FA)-conjugated mesoporous silica nanoparticles. To identify the ability to target the FITC/PEI/FA-functionalized silica particles to HeLa cancer cells, they compared the nanoparticle uptake by HeLa cervical carcinoma cells (HeLa) and human embryonic kidney cells (293) under identical conditions. A clearly higher number of the green fluorescent FITC/PEI/FA-functionalized silica particles were detected in the HeLa cells ( figure 19(b) ) than in the 293 cells ( figure 19(a) ). Even more importantly, the mean fluorescence (MFI) values measured for the two cell types indicated that the FITC-positive HeLa cells had internalized 5-6 times more of the FITC/PEI/FA-functionalized silica nanoparticles than had the 293 cells, as shown in figure 19(c) . The total number of particles internalized by the HeLa cancer cells was therefore about an order of magnitude higher than that internalized by 293 cells, a difference high enough to be of significant therapeutic importance. The selective uptake of FITC/PEI/FA particles by HeLa cells was additionally verified in co-culture experiments, that is, where both HeLa cells and 293 cells were incubated together, as shown in figure 20 . The fact that green emission due to FITC was observed almost exclusively within HeLa cells confirms the preferential uptake of the silica particles by the HeLa cancer cells with elevated folate receptor expression as compared with the non-cancerous 293 cells, positively proving successful targeting of hybrid silica particles also under co-culture conditions.
Conclusions
We have provided a brief overview of the immobilization of biomolecules on inorganic nanoparticles. It is clear from the literature that such immobilization is very effective and user-friendly. Moreover, experimental results demonstrate that inorganic nanoparticles can be used for MR imaging, drug delivery and targeting of cancer cells after biomolecules are immobilized on their surfaces. It is expected that the surface modification of inorganic nanoparticles will provide a wide range of applications in the fields of life sciences, environmental science and other areas in the near future.
